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Abstract. A weakly interacting dark matter candidate is very difficult to detect at high-
energy colliders like the LHC, if its mass is close to, or higher than, a TeV. We argue
that the pair-annihilation of such particles may give rise to e+e−-pairs in dwarf spheroidal
galaxies (dSph), which in turn can lead to radio synchrotron signals that are detectable at the
upcoming square kilometre array (SKA) telescope within a fairly moderate observation time.
We investigate in detail the underlying mechanisms that make this possible. Both particle
physics issues and those pertaining to astrophysics, such as diffusion, electromagnetic energy
loss and the effects of interstellar magnetic field, are examined with reference to their roles
in generating radio flux. We first identify the detectability criteria in a model-independent
manner. It is observed that fluxes may be detectable for scenarios that are consistent with
all constraints available till date from γ-ray and cosmic-ray observations. Thereafter, using
benchmarks based on popular scenarios involving physics beyond the standard model, we
show that it should be possible to detect the radio flux from a dSph like Draco with 100 hours
of observation at the SKA, for dark matter particle masses upto 4-8 TeV. The corresponding
frequency distributions are also presented, where it is found that the frequency range 300
MHz - 50 GHz is especially useful for recording the annihilation signals of trans-TeV particles.
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1 Introduction
Some yet unseen weakly interacting massive particles (WIMP) are often thought of as con-
stituents of dark matter (DM) in our universe. Many scenarios beyond the standard model
(SM) of particle physics including them are regularly proposed, with varied phenomenologi-
cal implications. They are constrained by the data on relic density [1, 2] of the universe as
well as various direct search experiments [3, 4]. It is expected that a WIMP DM candidate
should also be detected at the Large Hadron Collider (LHC) in the form of missing transverse
energy (MET) (see for example [5–7]).
Detectability at colliders and also in direct search experiments, however, depends on
the mass as well as the interaction cross-section of the DM particle. In particular, detection
becomes rather difficult if the WIMP mass approaches a TeV [8]. While a near-TeV DM
particle still admits of some hope at the LHC for scenarios such as the minimal supersym-
metric standard model (MSSM) [9] where a strongly interacting sector produces the WIMP
via cascades [8, 10–12], the reach is considerably lower for most other scenarios where the
‘dark sector’ is at most weakly interacting [13, 14]. It is therefore a challenge to think of
additional indirect evidence, if a trans-TeV DM particle has to be explored.
The annihilation of DM particles in our galaxy as well as in extra-galactic objects leads
to gamma-ray signals [15–21] as well as positrons, antiprotons etc [22–25]. Constraints have
been imposed on DM annihilation rates in various ways out of the (non)-observation of
such signals [26–29]. An alternative avenue to explore is that opened by radio synchrotron
emission from galaxies, arising out of electron-positron pairs generated in cascades from
DM annihilation [30–33]. In this paper, we focus on the potential of the upcoming Square
Kilometre Array (SKA) radio telescope [34] in this regard.
While the prospect of radio fluxes unveiling DM annihilation has been explored in
earlier works [30–33, 35], it was pointed out in reference [36] that SKA opens up a rather
striking possibility. The annihilation of trans-TeV DM pairs in dwarf spheroidal galaxies
(dSph) lead to electron-positron pairs which, upon acceleration by the galactic magnetic field,
produces such radio synchrotron emission. dSph’s are suitable for studying DM, since star
formation rates there are low [37, 38], thus minimising the possibility of signal originating
from astrophysical processes. Their generic faintness prompts one to concentrate on such
galaxies which are satellites of the Milky Way. The SKA can ensure sufficient sensitivity
required to detect the faint signal from the sources, and at the same time, will have high
enough resolution to remove the foregrounds. It was shown in [36] that about 100 hours of
observation at the SKA can take us above the detectability threshold for radio signals from
the annihilation of DM particles in the 5-8 TeV range. Of course, the compatibility of such
massive WIMP with the observed relic density requires a dark sector spectrum with enough
scope for co-annihilation in early universe, as was demonstrated in [36] in the context of the
MSSM. What one learns from such an exercise is that the probe of at least some DM scenarios
should thus be possible on a time scale comparable with the running period of the LHC, and
that the reach of the LHC [8, 10–12] for WIMP detection may be exceeded considerably
through such a probe. It was also found that cases where SKA could observe radio fluxes
from a dSph were consistent with limits from γ-ray observations as well as antiparticles in
cosmic rays.
In order to ascertain which scenarios are more accessible in such radio probes, one
needs to understand in detail the mechanisms whereby high-mass DM particles can produce
higher radio fluxes, and also the effects of astrophysical processes that inevitably affect radio
– 2 –
emission. This is the task undertaken in the present work.
The spectrum as well as the dynamics of the particle physics scenario, along with the
DM profile in a dSph, is responsible for DM annihilation as well as the subsequent cascades
leading to electron-positron pairs. The electron(positron) energy distribution at the initial
level is also the determined by the above factors [39–41]. However, they subsequently pass
through the interstellar medium (ISM) of the galaxy, facing several additional effects. These
include diffusion as well as electromagnetic energy loss in various forms, including Inverse
Compton effect, Synchrotron loss, Coulomb effect and Bremsstrahlung effect [39, 40, 42, 43].
Besides, the galactic magnetic field is operative all along. The way these affect the final
e+e− energy distribution is highly inter-connected and nonlinear. For example, while the
magnetic field causes electrons to lose more energy in synchrotron radiation, it puts a check
on the reduction of the flux through diffusion by confining them longer within the periphery
of the dSph. This check applies to electrons at lower energies at the cost of those at higher
energies. Also, electromagnetic energy loss enhances the population of low-energy electrons
and positrons, the enhancement being more when they have higher kinematic limits, enabled
by higher mass of the DM particle. Such low-energy e+e− pairs enhance the flux in the
frequency range appropriate for a radio telescope.
In the following sections, we analyse the various ingredients in the radio flux generation
process, as outlined above. We first do this for fixed DM particle masses, and for values
of their annihilation cross-sections fixed by hand. The relative strengths of the effects of
the particle theoretical scenario as well as diffusion and radiative process are thus assessed.
This also serves to evolve an understanding of the dependence on the diffusion coefficient,
parameters involved in electromagnetic energy loss, and, of course, the strength of the galactic
magnetic field. If the nature of the DM particle(s) is known in independent channels, then the
observation of the observed radio flux may be turned around to improve our understanding
of these astrophysical parameters, using the results presented here.
Finally, we use some theoretical benchmark points to demonstrate the usefulness of the
SKA in probing trans-TeV DM. A few sample MSSM spectra are used, largely because they
offer the scope of co-annihilation that is so essential for maintaining the right relic density
[36]. Using the minimum annihilation cross-section required for any DM mass for detection
at SKA (in 100 hours), and the maximum value of this cross section that is compatible with
limits from γ-ray and cosmic-ray data, we show that several benchmark points with DM mass
in the 1-8 TeV range, which are yet to be ruled out by any observation can be investigated
in 100 hours of SKA observation.
We have organised the paper as follows. In section 2 we have discussed in somewhat
brief manner the calculations of synchrotron flux originating from DM annihilation inside
a dSph. In section 3 we have analysed the effects of various astrophysical parameters in
different steps of the production of radio flux. Section 4 describes the features of heavy DM.
In section 5 we have shown the detectability curves or threshold limits for observing radio
flux in SKA, in both model independent as well as model dependent way. We have also shown
the final radio fluxes for some theoretical benchmarks. Finally in section 6 we conclude.
2 Essential Processes: Recapitulation
We start with a brief resume of sequence of processes that leads to radio flux from a dSph,
as discussed, for example, in [31, 32, 39, 40, 42, 43]. Dark matter pair annihilation inside
of a dSph can produce SM particle pairs such as bb¯, τ+τ−,W+W−, tt¯ etc. These particles
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then cascade and give rise to large amount of e± flux, the energy distribution of which can
be obtained from the source function [40, 41]:
Qe(E, r) = 〈σv〉
∑
f
dN ef (E)
dE
Bf
Npairs(r) (2.1)
where 〈σv〉 and Npairs(r)
(
=
ρ2χ(r)
2m2χ
)
are respectively the velocity averaged DM pair an-
nihilation rate and the number density of DM pairs inside the dSph. mχ is the DM mass
and ρχ(r) is the DM density profile in the dSph as a function of radial distance r from the
centre of the dSph. For our analysis we have taken Draco1 dSph assuming an Navarro-Frenk-
White (NFW) profile2 [47], yielding
ρχ(r) =
ρs(
r
rs
)(
1 + rrs
)2 (2.2)
with ρs = 1.4 GeV.cm
−3 and rs = 1.0 kpc [40, 43].
dNef (E)
dE Bf estimates the number of
e± produced per annihilation with energy E in any of the aforementioned SM channel (f)
with branching fraction Bf .
Figure 1 essentially shows the e+e− energy distributions for four different annihilation
channels, for two DM masses, namely, 300 GeV and 5 TeV . 〈σv〉 has been assigned a fixed
value (10−26cm3s−1), and Bf for the channel corresponding to each curve has been set at
100% for this purpose. In addition to the plots for the two DM masses, a comparison between
them has also been shown in the lower panel for the bb¯ and τ+τ− channels. The predictions
for tt¯ and W+W− fall in between those for the two aforementioned cases. All these energy
distributions are obtained using micrOMEGAs [48, 49]. Further discussions on these curves
will be taken up in section 4.
The produced e± in DM pair annihilation diffuse through the ISM of the galaxy and
lose energy through various processes. Assuming steady state and homogeneous diffusion,
the final e± distribution ( dndE (r, E)) can be obtained by solving [32, 39, 40, 42, 43, 50]
D(E)∇2
(
dn
dE
)
+
∂
∂E
(
b(E)
dn
dE
)
+Qe(E, r) = 0 (2.3)
where D(E) is the diffusion parameter which can be parameterised in terms of diffusion
coefficient (D0) as D(E) = D0E
0.3 [33, 40, 43]. Choice of D0 like D0 = 3 × 1028cm2s−1 is
conservative for dSph like Draco. We have used mainly this value and have considered values
even more conservative than this (e.g. D0 = 3 × 1029cm2s−1). Alternatively we have also
presented some results for D0 on the lower side, having values such as D0 = 3× 1026cm2s−1.
As explained in [31, 32, 51], assuming a proper scaling, D0 for a dSph can in principle have
such a value which is one order lower than that in the Milky Way [52]. The radius of the
diffusion zone (rh) for the dSph we are considering here is taken to be 2.5 kpc [40, 43]. The
energy loss term b(E) takes into account all the electromagnetic energy loss processes (like
1The choice of Draco is mainly due to the fact that the J-factor and other astrophysical parameters there
are well-constrained [44]. However similar conclusions apply to other dSph’s such as Seg1, Carina, Fornax,
Sculptor etc. [44–46]
2We have checked that our main results remain almost same for the choices of other profiles like Burkert
or D05.
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Figure 1: Upper panel: Source functions per unit annihilation 〈σv〉 dNedE vs electron energy
(E) in different annihilation channels for two DM masses, 300 GeV (upper left panel) and 5
TeV (upper right panel). Lower panel: Comparison of the same in two annihilation channel
bb¯ (red lines) and τ+τ− (blue lines). Annihilation rate for each panel is 〈σv〉 = 10−26cm3s−1.
Inverse Compton (IC), Synchrotron (Synch), Coulomb effect (Coul), bremsstrahlung (Brem)
etc.) and can be expressed as [39, 40, 42]
b(E) = b0ICE
2 + b0SynchE
2B2 + b0Coulne
1 + log
(
E/me
ne
)
75
+ b0Bremne [log(E/mene
)
+ 0.36
]
(2.4)
where me is the electron mass and ne is the thermal electron density in the dSph. In
dSph like Draco the first two terms (i.e. IC and Synch) in 2.4 dominates over the last two
terms (i.e. Coul and Brem) for E > 1 GeV [32]. The energy loss term b(E) depends on the
galactic magnetic field (B) through the synchrotron loss term which goes as B2. Magnetic
field B = 1 µG is conservative for a dSph like Draco [33, 40, 43]. The dSph studied here are
in rather close proximity to Milky Way, where B can exceed 10 µG [53, 54]. Since a dSph
is assumed to be bathed in the same field, such values of B are possible, which corresponds
to linearly (as opposed to exponentially) falling extrapolation, consistent with observed data
[31, 32, 55]. Though we have used mainly B = 1 µG, more conservative values like B = 10−2
µG also has been considered. The manner in which diffusion and electromagnetic processes
affect our observables will be discussed in detail in section 3.
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Obviously, the observed synchrotron spectrum depends crucially on the e± energy dis-
tribution after factoring in the consequence of diffusion and loss via electromagnetic processes
as well as the galactic magnetic field. Equation 2.3 has a solution of the form [32, 39, 40, 43]
dn
dE
(r, E) =
1
b(E)
∫ mχ
E
dE′G(r,∆v)Qe(E′, r) (2.5)
with the boundary condition dndE (rh) = 0. G(r,∆v) is the Green’s function of the
equation and has a form
G(r,∆v) =
1√
4pi∆v
n=∞∑
n=−∞
(−1)n
∫ rh
0
dr′
r′
rn
(
ρχ(r
′)
ρχ(r)
)2 [
exp
(
−(r
′ − rn)2
4∆v
)
− exp
(
−(r
′ + rn)2
4∆v
)]
(2.6)
with rn = (−1)nr + 2nrh. Here
√
∆v is the diffusion length scale and can be expressed
as
∆v =
∫ E′
E
dE˜
D(E˜)
b(E˜)
(2.7)
Basically the diffusion length scale
√
∆v determines the distance travel by an electron
during its emission with energy E′ to interaction with energy E. For small galaxies like dSph,
mean value of this length scale is expected to be larger than rh even for non-conservative
choices of astrophysical parameters D0 and B. This will be discussed in detail in section 3.
Interacting with the magnetic field B present inside the galaxy, the produced elec-
tron/positron distribution dndE (r, E) will emit synchrotron radiation (with frequency ν) at a
rate govern by the synchrotron emission power PSynch(ν,E,B) [39, 40, 42, 43, 50].
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Figure 2: Synchrotron power spectrum (Psynch) vs energy (E) at two frequencies (10 and
104 MHz) with two different magnetic fields B (1 and 10 µG).
In Figure 2 we have shown the dependence of the synchrotron emission power on the
electron energy E for two different B fields (1 and 10 µG)3 and for two frequencies (10 and
3B = 10 µG has been used in this Figure (and also in Figures 3 and 5 - 9) for the sake of comparison with
1 µG, just to see the effect of ‘large B’. In our prediction on observable radio flux more conservative (and
perhaps realistic) values of B have been used.
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104 MHz). It can be observed that higher B field will increase the power spectrum at all
energies.
The final radio synchrotron flux (Sν(ν)) as a function of frequency (ν) is obtained by
folding the e± distribution dndE (r, E) with synchrotron power (PSynch(ν,E,B))
JSynch(ν, r) = 2
∫ mχ
me
dE
dn
dE
(r, E)PSynch(ν,E,B) (2.8)
and integrating over the diffuse size (rh) of the dSph [39, 40, 42, 43, 50]
Sν(ν) =
1
4piL2
∫
d3rJSynch(ν, r) (2.9)
where L is the luminosity distance of the dSph (for Draco L ∼ 80 kpc [40, 44]).
3 Effect of various astrophysical parameters
Let us now take a closer look at the astrophysical effects encapsulated in equations 2.3 and
2.4. Such effects are driven by the diffusion coefficient D0 and the electromagnetic energy
loss coefficient b(E). These parameters determine, for a given dN
e
dE , the steady state e
±
distribution dndE (r, E). As has been already mentioned, b(E) is implicitly dependent on the
galactic magnetic field B.
We use once more two DM masses in studying the effects of D0 and b(E). To have
some idea on the effects separately as as well as their contribution in an entangled fashion,
we have considered the implication of equation 2.3 for three different situations :
• NSD: In this case only the effect of energy loss term b(E) has been shown neglecting
the spatial diffusion D(E) (i.e. solution of equation 2.3 by setting D(E) = 0).
• Nb: This situation is corresponds to the effect of diffusion parameter D0 neglecting
the effect of energy loss b(E) in the system (i.e. solution of equation 2.3 by setting
b(E) = 0).
• SD+b: These scenario includes the effects due to both diffusion parameter D0 and
energy loss term b(E) (i.e. solution 2.5 of equation 2.3).
If one neglects the spatial diffusion effect and keeps only the energy loss term b(E) (NSD
case), solution of equation 2.3 has a simpler form [39]
dn
dE
(r, E)
∣∣∣∣
NSD
=
1
b(E)
∫ mχ
E
dE′Qe(E′, r) (3.1)
which follows from equation 2.5 by setting G(r,∆v) = 1. From this expression it is clear
that the effect of b(E) is to decrease the number density in high energy region and enhance in
the low energy region. It can also be seen from Figure 3 where we have plotted the electron
energy (E) vs ratio of the e± distribution dndE (equation 2.3) and source function Qe, which
determine the initial electron flux due to annihilation. This ratio ( dndE
1
Qe
in unit of s−1) tells
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how much the shape of the initial distribution Qe gets modified due to the effect of various
processes leading to energy loss of e±.4
As we have mentioned in section 2, the energy loss term b(E) depends on the square
of the magnetic field B through synchrotron loss. For this reason increment of magnetic
field will increase b(E) at all electron energy E, which in turn will reduce the dndE at all
E according to equation 3.1. This phenomena can be observed in Figure 3 where the red
and green solid lines indicate the distributions for B = 1 and 10 µG, respectively. Also,
production of energetic electrons in greater abundance from the annihilation of heavier mχ
enhances the e± distribution through equation 3.1 and leads to a larger ratio ( dndE
1
Qe
) for
heavier mχ.
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Figure 3: dndE
1
Qe
vs electron energy E plot for two DM masses, 5 TeV (solid lines) and 300
GeV (dashed lines) with magnetic field B = 1 µG (red) and 10 µG (green) in the scenario
where diffusion in the system has been neglected (NSD). Annihilation channel is bb¯ with
annihilation rate 〈σv〉 = 10−26cm3s−1.
Instead of neglecting diffusion effect in equation 2.3, if one neglect the energy loss effect,
i.e. 2nd term in 2.3 (Nb case), the solution dndE becomes
dn
dE
(r, E)
∣∣∣∣
Nb
=
1
D(E)
f(r, rh)Qe(r, E) (3.2)
with same boundary condition as the one assumed in equation 2.5.
Here
f(r, rh) =
∫ rh
r′=r
dr′(
1
r′2
)
{∫ r′
r˜=0
dr˜ r˜2
(
ρχ(r˜)
ρχ(r)
)2}
(3.3)
Note that, as the effect of b(E) is absent in this case, the distribution dndE will not depend
on the magnetic field B. Figure 4 shows the comparison between the NSD case (cyan lines)
and the Nb case (black lines) at two different radii for a fix diffusion coefficient D0 and
magnetic field B. For the Nb case the ratio dndE
1
Qe
will not depend on the initial spectra Qe
4In all of the plots of dn
dE
, we have not shown the energy range below 0.1 GeV . This is due to the fact
that the e± distribution at lower energy than this will not take part in the final synchrotron radiation for the
frequency range we are considering here for SKA (50 MHz – 50 GHz) [34], as is clear from Figure 2 and
equation 2.8.
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and its energy profile will follow the energy dependence of 1D(E) . Basically, if one neglects the
energy loss (b(E)) in the system, the energy distribution of dndE will remain same as Qe, only
will get multiplied by the energy profile of 1D(E) which has a weak power low dependence as
given at the end of equation 2.3. In other words, as only diffusion does not allow any energy
loss or shifting of energy from higher energy region to the lower energy region, the behaviour
of the ratio dndE
1
Qe
for the Nb case is flat with energy at all radius r and at higher energy it
has more number density of e± than the cases which include energy loss effect (b(E)).
Neglecting diffusion is not a bad assumption for large scale structures like clusters as
in those systems the length scale (
√
∆v) over which the e± losses energy, is much shorter
than the typical size of the system [39, 40]. But for smaller systems like dSph’s one cannot
neglect diffusion term in equation 2.3 anymore. This can be justified from Figure 4 where
we have plotted all the cases, NSD, Nb and SD+b (i.e. taking diffusion into account along
with energy loss effect) at two different radius r from the centre of the dSph. The NSD
solution is very different from the one which takes diffusion into account (SD+b). Basically
the effect of diffusion suppresses the e± distribution mainly in the low energy regions. This
phenomena can be explained in terms of the aforementioned diffusion length scale (
√
∆v)
which is the result of combined effects of diffusion and energy loss (equation 2.7). It estimates
the length covered by an electron to lose energy from source energy E′ to interaction energy
E and typically is larger compared to the dSph’s size. In Figure 5 we have shown upto what
”minimum value” of interaction energy (E) one electron can go before escaping the diffusion
zone rh = 2.5 kpc (shown by the black line), if it was emitted at some source energy (1
TeV or 100 GeV ). So, though high energy region has population, low energy region is well
suppressed. Lower diffusion coefficients D0 or higher magnetic fields (B) (which increases the
b(E)) will increase the minimum value of this interaction energy. In other words, diffusion
depletes the e± density by making them to leave the diffusion zone and does not allow to
build up e± population with low energy.
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Figure 4: dndE
1
Qe
vs electron energy E plot at two different radii, r = 0.1kpc (left panel) and
r = 2.0kpc (right panel) for 5 TeV DM mass in three scenarios, NSD, Nb and SD+b. Cases
including diffusion (Nb and SD+b) have D0 = 3 × 1028cm2s−1 and cases including energy
loss effect (NSD and SD+b) have magnetic field B = 1 µG. For all cases annihilation channel
is bb¯ with annihilation rate 〈σv〉 = 10−26cm3s−1.
Increasing diffusion coefficient means increasing the length scale and as a result of this
large number of e± will go out the galactic system before losing energy. This will cause
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Figure 5: Diffusion length scale
√
∆v (kpc) vs electron interaction energy (E) for two
different source energies, E′ = 1000 GeV (left panel) and E′ = 100 GeV (right panel). The
black solid lines indicate the diffuse size of the galaxy (rh = 2.5 kpc). Here three different
sets of astrophysical parameters have been chosen, D0 = 3 × 1028cm2s−1, B = 1 µG (red);
D0 = 3× 1028cm2s−1, B = 10 µG (green) and D0 = 3× 1026cm2s−1, B = 1 µG (blue).
a depletion of the e± distribution. On the other hand, decrement of diffusion coefficient
will confine more e± within the diffusion zone and in turn will enhance the density. This
phenomena can be observed from Figure 6 where we have plotted the e± energy distribution
at two different radius r for two diffusion coefficients, D0 = 3 × 1028cm2s−1 and D0 =
3 × 1026cm2s−1 with magnetic field B = 1 µG. It can be seen that at low radius r = 0.1
kpc large diffusion case has a depletion of density distribution at all energy and mostly at
low energy. Near the edge of the diffusion zone (r = 2.0 kpc) higher diffusion case has more
electrons in the high energy region as electrons in this case have not lose much energy and
the lower diffusion case has relatively more electrons in the low energy region.
If we now increase the magnetic field B from 1 µG to 10 µG for a fix diffusion coefficient
(e.g. D0 = 3× 1028cm2s−1), the situation will be different from the NSD case. In this case,
though there is a 1b(E) suppression in the
dn
dE expression (equation 2.5), higher B field will
increase the density distribution in the low energy region and there will be a cross over with
the distribution corresponds to the low magnetic field case (see Figure 6). This is due to the
fact that higher B (which imply higher b(E)) will help the electrons to loose energy more
quickly before escaping the diffusion zone. For the same reason the number density of high
energy electrons in this case will be suppressed compared to the lower magnetic field case at
higher radius r.
If we compare the SD+b cases with Nb scenarios in Figure 6, we see that all the SD+b
cases are suppressed compared to the Nb cases at higher electron energy as the energy loss
effect (b(E)) is absent in the Nb scenario. As we discussed above, lowering the diffusion
coefficient or increasing the magnetic field will allow the e± to lose more energy before
escaping the galaxy and thus will reduce the number density more in the higher energy
region at large r compared to the Nb cases.
In Figure 7 we have shown the variation of the quantity ( dndE
1
Qe
) with the radius r in
SD+b scenario for two DM masses, (mχ = 5 TeV and 300 GeV ); the left and right panel
respectively for three different sets of astrophysical parameters shown in the caption. For
the illustration, in case of each DM masses we have assumed two different combinations of
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Figure 6: dndE
1
Qe
vs electron energy E plot at two different radii, r = 0.1kpc (left panel) and
r = 2.0kpc (right panel) for two DM masses, 5 TeV (upper panel – solid lines) and 300 GeV
(lower panel – dashed lines) in two scenarios, Nb and SD+b. Astrophysical parameters which
we consider here for these two cases have been mentioned in the legend of the corresponding
plots. For all cases annihilation channel is bb¯ with annihilation rate 〈σv〉 = 10−26cm3s−1.
energies, one is low (E = 0.1 GeV for both DM masses) and the other one is high (E = 1
TeV for mχ = 5 TeV and E = 100 GeV for mχ = 300 GeV ). In both panels, the black line
indicates the diffuse radius (2.5 kpc) of the dSph. Note that earlier in Figure 6 we showed
the variation of e± density distribution with respect to energy (E) for two different choices of
r and now we show the variation of the same quantity but with respect to r for two different
E’s. Nonetheless the effect various astrophysical parameters on the density distribution is
similar to what we have already seen in Figure 6 and in the corresponding description.
The effects of diffusion coefficient D0 and magnetic field B on the final radio flux Sν
can be seen in Figure 8. Radio flux corresponds to higher diffusion coefficient (D0 = 3 ×
1028cm2s−1) will be suppressed compared to the lower diffusion case (D0 = 3× 1026cm2s−1)
because of the reduction of more and more e± from the system as we have discussed above.
This suppression is more in the lower frequency region as the reduction of the number density
dn
dE is more in the lower energy (E) region. For a fix diffusion coefficient (e.g. D0 = 3 ×
1028cm2s−1) if we increase the magnetic field B (from B = 1 µG to B = 10 µG) the radio
flux will be enhanced about an order of magnitude in all frequency range mainly because of
the increment of synchrotron power PSynch with magnetic field (see Figure 2).
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Figure 7: Left panel: dndE
1
Qe
vs r plot for mχ = 5 TeV at two different electron energies,
E = 0.1 GeV (dashed dotted lines) and E = 1 TeV (solid lines) in the SD+b scenario.
The black solid line indicates the diffuse size (rh) of the dSph. Three different sets of
astrophysical parameters have been considered, D0 = 3 × 1028cm2s−1, B = 1 µG (red);
D0 = 3 × 1026cm2s−1, B = 1 µG (blue) and D0 = 3 × 1028cm2s−1, B = 10 µG (green).
Annihilation channel is bb¯ with annihilation rate 〈σv〉 = 10−26cm3s−1. Right panel: Same as
the left panel but at E = 0.1 GeV (dashed dotted lines) and E = 100 GeV (solid lines) for
mχ = 300 GeV .
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Figure 8: Radio synchrotron flux (Sν) vs frequency (ν) for two DM masses, 5 TeV (left
panel) and 300 GeV (right panel) with different choices of astrophysical parameters (D0
and B) mentioned in the legend. Annihilation channel is bb¯ with annihilation rate 〈σv〉 =
10−26cm3s−1.
4 Effect of Heavy DM
The radio flux obtained in terms of DM annihilation from a dSph depends crucially on the
source function Qe(E, r) (equation 5.1). We are basically trying to explain why one can get
higher radio flux (obtained via dn/dE through integration of Qe(E, r)) for higher-mass DM
in some cases [36]. For this to happen, Qe corresponds to energetic e
± is intuitively expected
to go up for higher mχ.
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One may consider contributions of several components in the expression of Qe(E, r):
• 〈σv〉: The factors affecting 〈σv〉 are the composition (read couplings) of the DM particle
χ and its mass. Further, one requires consistency with the observed relic density.
According to the general expression of WIMP DM relic density [56, 57], one needs
a larger 〈σv〉 (evaluated at freeze-out temperature Tf ) to maintain the relic under
observed limit [1, 2]. This higher 〈σv〉 for higher mχ can be facilitated by the dynamics
of the particle physics model (e.g. a resonant annihilation). In addition the 〈σv〉,
evaluated at Tf , can have substantial contribution from co-annihilation, something
that does not contribute in the context of a dSph. DM particle with mass mχ in the
Trans-TeV range can be made consistent with the observed relic density by allowing
the spectrum to have the necessary degree of compression to accommodate some co-
annihilation candidates [36]. Once this is possible, scenarios with higher mχ have more
phase space available for annihilation into SM particles, and helps the production of
more energetic e± annihilation.
• Npairs(r)
(
=
ρ2χ(r)
2m2χ
)
: The numerator is supplied by observation. For higher mχ, the
denominator suppresses the number density of DM in the dSph. Thus this term tends
to bring down the flux for higher DM masses.
• dN
e
f (E)
dE Bf : This has to have a compensatory effect for higher mass if the suppression
caused by the previously mentioned term has to be overcome.
Of course, the branching fractions Bf in different channels have a role.
dN e/dE is often (though not always) higher for higher DM masses. This feature is
universal at higher energies. This is basically responsible for a profusion of higher
energy electrons produced via cascades, after annihilation in any channel has taken
place. More discussion follows on this point.
It should be noted that dN e/dE represents the probability that an electron (positron)
produced from the annihilation of one pair of DM. This gets multiplied by the available
number density of DM. Thus, for comparable value of Bf in two benchmark scenarios,
higher dN e/dE along with higher 〈σv〉 in the dSph (when that is indeed the case), can
cause enhancement of Qe(E, r) for higher mχ.
Finally the available electron energy distribution dndE (which, convoluted with the syn-
chrotron power spectrum, will yield the radio flux (i.e. equations 2.8 and 2.9)), is
obtained by solving equation 2.3 which has a generic solution 2.5. Therefore, higher
value of the source function distribution (Qe(E, r)) can produce higher radio flux at
higher mχ.
As mentioned above, the annihilation of heavier DM particles will produce more high
energetic e±, as can be seen by comparing the upper left-and right-panels of Figure 1 where
we have essentially shown dN e/dE in different channels (bb¯, τ+τ−, W+W−, tt¯) per pair-
annihilation of dark matter. The lower panel shows the comparison of this e± spectrum for
two DM masses (300 GeV and 5 TeV ) arising from bb¯ and τ+τ− annihilation channels. Note
that the values of dN e/dE for mχ = 300 GeV and 5 TeV are differently ordered for the
τ+τ− and bb¯ annihilation channels. The spectrum for bb¯ channel is the steepest one, while
for τ+τ− it is flattest. In fact dN e/dE for the bb¯ channel is governed mostly by charged pion
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(pi±) decay at various stages of cascade. For the τ+τ− channel, on the other hand, there is
a relative dominance of ‘prompt’ electrons. These remains a difference in the degree in the
degree of degradation in the two cases. Such degradation is reflected more in the low-energy
part of the spectrum, and leads to different energy distributions, which in turn is dependent
on mχ via the energy of the decaying b or τ . The reader is referred to [58–60] for more
detailed explanations.
The presence of energetic e± in greater abundance, which is a consequence of higher
mχ, enhances the resulting radio signal obtained through equation 2.5 and 2.8. As a result
of this, the final radio flux Sν (equation 2.9) gets positive contribution for higher DM masses
compared to that for relatively lower masses for most of the annihilation channels (especially
bb¯, W+W−, and tt¯). It can be seen easily if one compares the quantity Sν × 2m2χ (i.e.
removing the effect of the multiplicative factor 1
m2χ
) for two DM masses, e.g. 300 GeV and 5
TeV , in the bb¯ annihilation channel (left panel of Figure 9). If one chooses same annihilation
rate (e.g. 〈σv〉 = 10−26cm3s−1) the higher DM mass will give higher radio flux (mainly in
the high frequency region) for this channel and this enhancement will increase with mχ. It is
true that in the actual expression of Sν we cannot neglect the effect of
1
m2χ
suppression which
may bring down the the scale of total radio flux for higher DM mass.
In scenarios where 〈σv〉 corresponds to a particular mχ is calculated from the dynamics
of the model, it can happen that for some particular benchmark the annihilation rate (〈σv〉)
is larger for larger mχ (as explained above and will be discussed in the next section). In those
cases larger 〈σv〉 can at least partially compensate the effect of 1
m2χ
suppression for higher
mχ and one can get higher radio fluxes (Sν) for higher DM masses compared to the lower
one.
For the τ+τ− channel the situation is somewhat different. As we have already seen
from the lower panel of Figure 1, there is a large degradation of the e± flux (dN e/dE) in this
channel in the low energy region for higher mχ. This degradation in the source spectrum
for higher mχ will continue in the equilibrium distribution
dn
dE . After folding this density
distribution with power spectrum (see equation 2.8) the final yield frequency distribution
will be suppressed for higher mχ, mainly in the low frequency range. In the high frequency
range flux is still high for higher mχ like other annihilation channel (bb¯) as higher mχ means
always higher electron distribution in the high energy range. All these phenomenas are clear
from the red plots of right panel of Figure 9. This plot is for the choice of astrophysical
parameters D0 = 3 × 1028cm2s−1, B = 1 µG. In this context if one increase the magnetic
field B from 1 µG to 10 µG which in turn will increase the energy loss (b(E)), or decrease the
diffusion coefficient D0 from 3× 1028cm2s−1 to 3× 1026cm2s−1 the effects can be seen from
the green and blue plots respectively. As we have discussed in the previous section, increasing
b(E) or decreasing D0 means reducing the diffusion length scale (
√
∆v) which basically means
the e± will be able to lose more and more energy before escaping the galactic diffuse zone.
Now, τ+τ− annihilation channel has comparatively more high energetic source electrons than
bb¯ channel (see lower panel of Figure 1), and higher mχ means even more number of electrons
with high energy. Thus reducing diffusion length scale will cause a significant enhancement
of the dndE in low energy region for higher mχ in τ
+τ− dominated annihilation and this will
in turn enhance the frequency distribution for low frequency. These effects can be observed
in the right panel of Figure 9 by comparing the red, green and blue plots for high and low
mχ.
5
5The discussion regarding τ+τ− channel is based on the quantity Sν×2m2χ. Actual expression of the radio
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Figure 9: Sν(Jy) × 2m2χ vs frequency (ν) plot for two DM masses, 300 GeV (dashed
lines) and 5 TeV (solid lines) in two different annihilation channel, bb¯ (left panel) and τ+τ−
(right panel). Here three different sets of astrophysical parameters have been considered,
D0 = 3 × 1028cm2s−1, B = 1 µG (red); D0 = 3 × 1026cm2s−1, B = 1 µG (blue) and
D0 = 3 × 1028cm2s−1, B = 10 µG (green). Annihilation rate 〈σv〉 = 10−26cm3s−1 for all
cases.
To summarise, one can expect high radio flux for trans-TeV dark matter annihilation
from a dSph, based on the following consideration,
• Higher 〈σv〉
m2χ
for higher mass, which is facilitated by the dynamics and also by the bigger
region of available phase space.
• Such sizable 〈σv〉 can still be inadequate in maintaining the observed relic density.
Co-annihilation channels may need to be available in these cases, though such co-
annihilation does not occur in a dSph. This in turn may necessitate a somewhat
compressed trans-TeV spectrum.
• The high mass DM candidate should have appropriate annihilation channels which
retain a higher population of e±. This not only off sets the suppression due to large
mχ but also enhances through the energy loss term (b(E)) the e
± density at energies
low enough to contribute the radio observable at the SKA (50 MHz – 50 GHz) [34].
• Higher magnetic fields will be more effective in producing synchrotron radiation by
compensating the suppression caused by a large galactic diffusion coefficient (D0 =
3 × 1028cm2s−1). As we have checked through explicit calculation, this happens even
after accounting for electromagnetic energy loss of the e± through synchrotron effects.
5 Detectability Curves and Final Radio Flux
The upcoming radio telescope SKA will play an important role in detecting DM induced
radio signal from dwarf spheroidal galaxies. Due to its large effective area SKA has very low
flux (Sν) will be suppressed by
1
m2χ
for higher mχ. But as we have discussed for the bb¯ case, higher 〈σv〉 for
higher DM mass in some model dependent scenario can nullify the effect of 1
m2χ
suppression and one can get
higher Sν for higher mχ.
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threshold and high sensitivity compared to other existing radio telescopes. Typical values of
the SKA sensitivity in the frequency range 50 MHz – 50 GHz for 100 hours of observation
time is 10−6 – 10−7 Jy with a bandwidth of 300 MHz [34–36]. This may make it possible
to observe very low intensity radio signal coming from ultra-faint dSph’s. We have assumed
that the SKA field of view is larger than the galaxy sizes considered here and hence all
the flux from the galaxy will be detected. This assumption need not be true for the SKA
precursors like the Murchison Widefield Array (MWA) where the effect of the primary beam
needs to be accounted for while computing the expected signal [46]. So far we do not know
anything about either the DM particle physics model which govern the production of initial
stage e± spectrum, or the astrophysical parameters like galactic diffusion coefficient (D0),
magnetic field (B) etc which are responsible for the creation of diffuse radio synchrotron
flux. Thus in this analysis we have constrained the DM parameter space, responsible for
detecting the radio signal at SKA, for particular choices of astrophysical parameters which
are on the conservative side for a typical dSph like Draco. On the other hand, assuming some
simplified DM model scenarios with trans-TeV DM masses, we have estimated the limits on
the diffusion coefficient (D0) and magnetic field (B), required for the radio signal from a
dSph to be observed at SKA.
In Figure 10 the bands represent the minimum 〈σv〉 required for any DM mass mχ in
four different annihilation channels (bb¯, τ+τ−, W+W−, tt¯) for detection of DM annihilation
induced radio signal from Draco with 100 hours of observation at SKA (with a typical band
width 300 MHz). We have shown the plots for a wide range of DM mass, 10 GeV to 50
TeV and assuming 100% branching fraction (Bf ) in one annihilation channel at a time. The
predictions here are for Draco dSph assuming a conservative choice of diffusion coefficient
(D0 = 3 × 1028cm2s−1). The bands are due to the variation of the galactic magnetic field
B from a conservative value 1 µG (lower part of the band) to a more conservative value
0.1 µG (upper part of the band). As expected, the minimum 〈σv〉 will be larger for lower
magnetic field because as we have already seen previously that reduction of B reduces the
the radio synchrotron frequency distribution (Sν). Any radio signal (in the SKA frequency
range 50 MHz – 50 GHz) from a dSph due to DM annihilation can be observed in SKA
100 hours if the DM with a particular mass has an annihilation rate (〈σv〉) in any of the
aforementioned channel which overcomes these limits. In other words, these are the detection
threshold curves in SKA for a dSph with a conservative choices of astro-parameters. For a
DM mass mχ ∼ 1 TeV this limit can be as low as 〈σv〉 ∼ 3× 10−29cm3s−1. For lower values
of diffusion coefficient in the expected range, for example, D0 = 3× 1026cm2s−1 [31, 32, 51],
the detectability threshold band comes down even further. Although this analysis assumes
a NFW profile for Draco, we have checked that with the choice of other profiles like Burkert
or D05 [43], our predictions remain somewhat same. Also, we have not consider any halo
substructure contributions which is expected to enhance the radio flux [42] or lower the
threshold limits even more. Along with the lower limits of detectability in 〈σv〉 −mχ plane,
in Figure 10 we have also shown the model independent upper limits on 〈σv〉 in various
channels from cosmic-ray (CR) antiproton observation (dashed curves) [29] and from 6 years
of Fermi LAT (FL) γ-ray data (dotted curves) [28]. The bound from cosmic-ray antiproton
observations are the strongest ones. Both these upper limits shown here are in 95% C.L. For
each annihilation channel the area bounded by the upper and lower limit curves represents
the region in the 〈σv〉 − mχ plane which can be probed or constrained by upcoming SKA
with 100 hours of observation. It is clear from the figure that even with conservative choices
of astrophysical parameters for very high mχ (∼ 50 TeV ) in all annihilation channels there
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are lots of parameter spaces available to be probed in SKA. The such extreme cases, it is
of course necessary to have a dark sector that allows high co-annihilation rates, so that the
observed relic density bound is not excluded.
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Figure 10: Lower limits (colored bands) in the 〈σv〉 −mχ plane to observe a radio signal
from Draco dSph at SKA with 100 hours, for various DM annihilation channels along with
95% C.L. upper limits from Cosmic-ray (CR) antiproton observation (dashed lines) [29] and
6 years of Fermi-LAT (FL) data (dotted lines) [28]. The value of the diffusion coefficient
(D0) is 3 × 1028cm2s−1. The bands represent the variation of the magnetic field B from a
conservative value B = 1 µG (lower part of the bands) to a more conservative value B = 0.1
µG (upper part of the bands).
In the context of DM model dependent analysis three benchmark points, named as
Model A1a, B2a and E, from earlier work [36] have been considered here. These benchmarks
are corresponds to minimal super symmetric standard model (MSSM) scenario where the
lightest neutralino (χ01) is the DM candidate (χ). In table 1 we have listed the possible
annihilation channels with branching fractions, DM masses (mχ01) and annihilation rates
(〈σv〉) calculated in these benchmark points. All these quantities have been calculated using
micrOMEGAs [48, 61]. Neutralino and all other supersymmetric particle masses in these
three cases are in the trans-TeV range. All of these benchmarks produce relic densities
within the expected upper and lower limit [1, 2, 62, 63] and satisfy constraints coming from
direct DM searches [3, 4], collider study [64], lightest neutral Higgs mass measurements [65]
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and other experiments [66, 67]. To get detailed information about the benchmarks reader is
referred to see [36]. Figure 11 shows the detectabilities of these three benchmarks for Draco
dSph in SKA 100 hours observation. The solid bars in this figure represent the upper and
lower limits on 〈σv〉 at DM masses corresponding to each benchmark points. To determine
these limits, first we have taken the limiting values of 〈σv〉 (upper as well as lower) presented
in Figure 10 in each channel (assuming 100% branching fraction) for each DM masses listed
in table 1. Finally we have added these values with proper weights (i.e. by multiplying the
branching fractions Bf ) in those channels mentioned in table 1.
〈σv〉up/low =
∑
f
〈σv〉up/lowf Bf (5.1)
The upper limits here are from cosmic-ray antiproton observation at 95% C.L [29].
The predictions for lower limits in 〈σv〉 are for D0 = 3 × 1028cm2s−1 and B = 1 µG.
Along with these we have placed the total 〈σv〉 (listed in third column of table 1) for each
benchmark points. It is clear that all these high DM mass cases which are allowed by cosmic-
ray antiproton data can easily be probed in SKA with 100 hours of observation. These high
mass benchmark points owe their detectability to the following
• 〈σv〉 is more effective in offsetting 1
m2χ
suppression partially, though not fully.
• A greater abundance of high-energy e± is created by high mχ. This, via electromagnetic
energy loss driven by the term proportional to b(E) in equation 2.3, generates a bigger
flux of radio synchrotron emission, as evinced in the expression for JSynch(ν, r) (equation
2.8).
• The cases where one predicts more intense radio flux for higher mχ have DM anni-
hilation mostly in the bb¯ channels, as against the τ+τ− channel. The corresponding
cascade branching ratios as well as the three-body decay matrix elements and their
energy integration limits are responsible for bigger radio flux.6
Model annihilation channel mχ01 〈σv〉
(GeV ) (10−26cm3s−1)
A1a bb¯(85%), τ+τ−(14%) 1000.6 0.27
B2a bb¯(76%), τ+τ−(15%), W+W−(3%), tt¯(3%), ZZ(2.8%) 3368.0 1.19
E bb¯(79.1%), τ+τ−(18.3%), tt¯(2.5%) 8498.0 9.12
Table 1: Lightest neutralino mass (mχ01) and its pair annihilation rate (〈σv〉) inside a
dSph along with branching fractions in different annihilation channels for the selected MSSM
benchmark points from [36]. Lightest neutralino is the DM candidate (mχ01 = mχ).
Figure 12 shows the DM model independent lower limits (the red and blue bands)
on the 〈σv〉 − B plane to observe a radio flux from Draco dSph at SKA with 100 hours of
6Such effects can in principle be also expected if the tt¯,W+W− branching ratios dominates.
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Figure 11: Position of various MSSM benchmark points (Model A1a, B2a, E) from [36] in
the 〈σv〉 − mχ plane. The upper solid lines represent the constraints on 〈σv〉 corresponds
to these benchmark points from 95% C.L. upper limits from Cosmic-ray (CR) antiproton
observation [29]. The lower solid lines show the minimum 〈σv〉 required for those benchmark
points for the observation of radio flux from Draco dSph at SKA with 100 hrs of observation
time. See the text for details. Here the diffusion coefficient and the magnetic field are
D0 = 3× 1028cm2s−1 and B = 1 µG respectively.
observation. Here two different annihilation channel, bb¯ and τ+τ− and two DM masses, 1 and
5 TeV have been considered. The bands are due to the variation of the diffusion coefficient
from a less conservative value D0 = 3 × 1026cm2s−1 (lower part of the band) to a highly
conservative value D0 = 3 × 1029cm2s−1 (upper part of the band). Along with the lower
limits, upper bounds on 〈σv〉 from cosmic-ray antiproton observation in these two channels
for these two DM masses have been shown with dashed lines. Here lower limits indicate the
minimum required annihilation rate (〈σv〉) to overcome the SKA threshold when one assumes
a particular value of magnetic field B inside the dSph. If this happens that for a value of
B the required 〈σv〉 becomes larger than the upper limits, i.e. ruled out by the cosmic-ray
antiproton data, that value of B will not be sufficient to produce radio signal above the SKA
sensitivity in that scenario. Thus the crossing of the lower limits (or the bands) and the
upper limits indicates the minimum values of the magnetic field B required in the dSph to
observe the radio flux at SKA 100 hours for a particular DM mass in a specific channel. One
can see from the figure that even with very high diffusion coefficient (D0 = 3× 1029cm2s−1)
in a typical dSph like Draco, very low magnetic field like B ∼ 5× 10−2 µG will be sufficient
for the detection of radio flux in bb¯ channel for a heavy DM with mass like mχ = 5 TeV . In
the τ+τ− channel the corresponding limit on B is even more relaxed and B ∼ 10−2 µG will
be enough there to produce radio signal above the SKA threshold. For a less conservative
value of D0 (e.g. D0 = 3× 1026cm2s−1) this limit can be pushed to B ∼ 3× 10−3 µG in bb¯
channel and B ∼ 10−3 µG in τ+τ− channel.
Figure 13 describes the lower limits (red and blue bands) on the 〈σv〉 − D0 plane to
observe a radio flux from Draco dSph at SKA with 100 hours of observation. Here also same
two annihilation channels (bb¯ and τ+τ−) and same high DM masses (mχ = 1 and 5 TeV )
have been used for illustration. Here the bands are due to the variation of magnetic field from
a less conservative value B = 10 µG (lower part of the band) to a highly conservative value
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Figure 12: Lower limits (red and blue bands) in the 〈σv〉 − B plane for bb¯ (left panel) and
τ+τ− (right panel) annihilation channel to observe a signal from Draco dSph at SKA with
100 hours, for two DM masses, 1 TeV (red bands) and 5 TeV (blue bands). The dashed
lines represent the 95% C.L. upper limits from cosmic-ray (CR) antiproton observation for
the these two masses. The bands correspond to the variation of diffusion coefficient (D0) from
a lower value (3× 1026cm2s−1) to a higher (3× 1029cm2s−1) one in the upward direction.
B = 10−2 µG (upper part of the band). The dashed lines indicates the same upper limits on
〈σv〉 as in Figure 12. The lower limits denote the minimum required annihilation rate (〈σv〉)
to detect a radio signal in SKA when one assumes a particular value of diffusion coefficient
D0 for the dSph. If for a value of D0 the minimum 〈σv〉 overcomes the cosmic-ray upper
limit, that value of D0 is large enough to produce radio signal above the SKA threshold.
Thus the crossing of the upper and the lower limits (or the bands) indicates the maximum
allowed value of D0 in a dSph like Draco for the observation of a radio flux originating from
the annihilation of DM particles with masses and annihilation channels mentioned above.
From the figure it can be seen that even for very low value of magnetic field (B = 10−2 µG)
the maximum allowed value of diffusion coefficient is pretty high (D0 ∼ 3 × 1028cm2s−1)
in the case of bb¯ channel with a heavy DM mass mχ = 5 TeV . This value is one order
of magnitude higher (D0 ∼ 3 × 1029cm2s−1) if one look for the τ+τ− channel. For a less
conservative value of magnetic field (e.g. B = 10 µG), even with a DM particle of mass
in the trans-TeV range, this maximum allowed value of D0 can be shifted much beyond a
impossibly large value D0 = 10
30cm2s−1 in both of the annihilation channel (bb¯ and τ+τ−).
Finally, we show in Figure 14 the final radio fluxes in two of the MSSM benchmarks
listed in table 1. For illustration we have taken the benchmark point A1a (mχ ∼ 1 TeV )
and one comparatively very high mass benchmark point E (mχ ∼ 8.5 TeV ). The channel
contributions are almost same for these two cases (mostly bb¯ dominated). In Figure 14 we
have plotted the fluxes (Sν) corresponding to these benchmarks. The yellow band there
represents the SKA sensitivity or threshold with bandwidth 300 MHz. The band is due to
the variation of the observation time from 10 hours (upper part of the band) to 100 hours
(lower part of the band). In determining the radio fluxes the choice of the diffusion coefficients
and the magnetic field are on the conservative side (D0 = 3 × 1028cm2s−1 and B = 1 µG
respectively). We have already shown the detectability of these benchmarks in Figure 11.
From this figure we can see that even for very short period of observation like 10 hours, these
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Figure 13: Lower limits (red and blue bands) in the 〈σv〉 −D0 plane for bb¯ (left panel) and
τ+τ− (right panel) annihilation channel to observe a signal from Draco dSph at SKA with
100 hours, for two DM masses, 1 TeV (red bands) and 5 TeV (blue bands). The dashed
lines represent the 95% C.L. upper limits from cosmic-ray (CR) antiproton observation for
the these two masses. The bands correspond to the variation of magnetic field (B) from a
higher value (10 µG) to a lower (10−2 µG) one in the upward direction.
very high mass benchmarks can easily be observed in SKA for most of its frequency range.
One important aspect of Figure 14 is that in a wide range of frequency (316 MHz – 50
GHz), suitable for SKA, Sν for very high mass case (Model E) is higher than comparatively
low mass case (Model A1a). Though DM mass in Model E is heavier, DM annihilation rate
in this case is also higher (〈σv〉 = 9.12 × 10−26cm3s−1) than Model A1a (〈σv〉 = 0.27 ×
10−26cm3s−1). In general, σ should have a 1
m2χ
suppression in its expression because of the
energies of the incoming particles of the collision. But here Model E (higher mχ case) has
greater 〈σv〉7 than Model A1a (lower mχ case) mainly due to
• closer proximity to a s-channel resonance mediated by cp-odd pseudo scalar in the
annihilation process like χ01χ
0
1 → bb¯. For detailed information reader is referred to see
[36]
• availability of higher phase space for higher mχ.
The higher value of 〈σv〉 partially offsets the effect of 1
m2χ
suppression for high DM
mass and brings the ratio 〈σv〉
m2χ
, which appears through the source function (equation 5.1)
as an overall normalisation in the calculation of the radio flux, at the same order, namely,
2.7 and 1.26 (in units of 10−33GeV −2cm3s−1) for Model A1a and Model E respectively.
The bb¯ annihilation channel dominates for both scenarios. Note that a 64-fold suppression
in equation 5.1 due to m2χ results in a suppression just by a factor of ≈ 2 at the level of
〈σv〉
m2χ
. This shows that a higher annihilation rate helps at this level itself. This observation,
together with the discussion in section 4 and the contents of Figure 9, explains a higher mass
DM generating higher radio flux over the entire SKA radio frequency range (50 MHz – 50
7higher value of 〈σv〉 for higher mχ is also needed to keep the relic density under the observed limit, even
when there is scope of co-annihilation in the early universe.
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GHz) for scenarios where the bb¯ annihilation channel dominates over τ+τ−. One can thus
understand the largeness of the radio flux in Model E as compared to Model A1a.
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Figure 14: Radio synchrotron flux (Sν) vs frequency (ν) plot for Draco dSph for two MSSM
benchmark points A1a and E from [36]. The yellow shaded band region denotes the SKA
sensitivity corresponding to the variation of observation time from 10 hours (upper part of
the band) to 100 hours (lower part of the band). Diffusion coefficient D0 = 3× 1028cm2s−1
and magnetic field B = 1 µG.
6 Conclusion
The aim of this paper has been to show that signatures of a high mass (trans-TeV) WIMP
DM can be detectable as radio synchrotron flux from a dSph, to be recorded by the upcoming
SKA Telescope. We have analysed not only the particle physics aspects of DM annihilation
and subsequent cascades leading to e± pairs, but also the subsequent astrophysical processes
the electrons/positrons pass through before emitting radio waves, upon acceleration by the
galactic magnetic field.
We have set out to identify the mechanism whereby a trans-TeV DM candidate can
thus be visible in radio search. We found that in the SKA frequency range enhancement of
the radio flux in this case is possible mainly due to the following reasons:
• Larger cross section or annihilation rate (required to maintain relic density under the
observed limit for a trans-TeV DM) facilitated by the dynamics and the availability of
large phase space. This helps in compensating the 1
m2χ
suppression due to large DM
mass.
• Presence of energetic e± in the DM annihilation spectrum in greater abundance. This
partially reduce the 1
m2χ
suppression effect and on the other hand enhances through the
energy loss term the electron/positron density at low energies which help to produce
large radio flux.
• Dominance of the annihilation channel bb¯ which yields a comparatively larger abun-
dance of e± in all of the energy range of the spectrum produced by DM annihilation.
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Simultaneously effect of various astrophysical parameters (e.g. D0, b(E), B) on the
radio synchrotron flux produced from the annihilation of this trans-TeV DM particle also
has been studied in detail. Varying these astro parameters we have analysed their effects on
each and every steps of the radio flux calculation.
Using SKA sensitivity we have drawn the limits in the 〈σv〉−mχ plane to observe radio
flux from Draco with 100 hours of observation. We found these limits are much more stronger
than the previous bounds on 〈σv〉 from Fermi-LAT γ-ray or AMS-02 cosmic-ray antiproton
observation. Even for a conservative choice of astrophysical parameters (D0 = 3×1028cm2s−1
and B = 1 µG) we found that this limits can go down to 〈σv〉 ∼ 3×10−29cm3s−1 for a mχ ∼ 1
TeV . This indicates towards a large region of WIMP parameter space which can be probed
through the upcoming SKA. Along with these we have also shown the limits in the 〈σv〉−B
and 〈σv〉 −D0 plane. We found that, for a DM mass in the trans-TeV range, magnetic field
as low as B ∼ 10−2−10−3 µG and diffusion coefficient as high as D0 ∼ 1029−1030cm2s−1 are
well enough to produce radio flux above SKA sensitivity in 100 hours of observation time.
Taking minimal supersymmetric standard model (MSSM) as an example, we have shown
that benchmark points with lightest neutralino masses (mχ01) 1 - 8 TeV , which satisfy all
the constraints from observed relic density, direct DM searches and collider searches, can
easily be detected in SKA 100 hours even with conservative choice of B and D0. We have
illustrated how the effects mentioned above can lead to a larger radio flux for a high mass
DM benchmark point compared to a low mass case, the fact which establishes the potential
of the search for heavy DM through radio observation in SKA.
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